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Directional drilling technology was extended and modified to drill the 
first well of a subsurface geothermal energy extraction system at the 
Fenton Hill, New Mexico, hot dry rock (HDR) experimental site. Bore- 
hole geometries, extremely hard and abrasive granite rock, and high 
formation temperatures combined to provide a challenging environment 
for directional drilling tools and instrumentation. 
Completing the first of the two-wellbore HDR system resulted in the 
definition of operation limitations of -many conventional directional 
drilling tools, instrumentation, and techniques. The successful com- 
pletion of the first wellbore, Energy Extraction Well No. 2 (EE-21, to 
a measured depth of 4.7 km (15,300 ft) in granite reservoir rock with 
a bottomhole temperature of 32OOC (610°F) required the development of 
a new high-temperature downhole motor and modification of existing' 
wireline-conveyed steering tool systems. Conventional rotary-driven 
directional assemblies were successfully modified to accommodate the 
very hard and abrasive rock encountered while drilling nearly 2.6 km 
(8,500 ft) of directional hole to a final inclination of 35' 'from the 
vertical at the controlled azimuthal orientation. Data were collected 
to optimize the drilling procedures far the programmed directional 
drilling of well EE-3 parallel to, and 370 metres (1,200 ft) above, 
Drilling equipment and techniques used in drilling wellbores for ex- 
traction of geothermal energy from hot granite were generally similar 
to those that are standard and common _to hydrocarbon drilling prac- 
tices. However, it was necessary to design some new equipment for 
this program: some equipment was modified especially for this program 
and some was operated beyond normal ratings. These tools and proce- 
dures met with various degrees of success. 
Two types of shock subs were developed and tested during this project. 
However, downhole time was limited, and formations were so varied that 
analysis of the capabilities of these items is not conclusive. Tem- 
perature limits of the tools were exceeded. 
EE-2. 
Commercial drilling and fishing jars were improved during the drilling 
program. Three-cone, tungsten-carbide insert bit performance with 
downhole motors was limited by rapid gauge wear. Rotary drilling was 
optimized for wells EE-2 and EE-3 using softer (IADS 635 code) bits 
and provided a balance between gauge,. cutting structure, and bearing 
life. Problems of extreme drill string drag, drill string twist-off, 
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DIRECTIONAL DRILLING AND EQUIPlvlENT FOR HOT G R A N I T E  WELLS 
INTRODUCTION 
The Hot Dry ROCK (HDR) Geothermal Program o f  t h e  Los Alamos 
N a t i o n a l  Labora to ry  f o r  e x t r a c t i n g  h e a t  from c r y s t a l l i n e  rocKs h a s  
been developed  a t  Fenton H i l l ,  N e w  Mexico o v e r  t h e  p a s t  s i x  o r  s e v e n  
y e a r s .  The b a s i c  c o n c e p t  f o r  t h i s  system requires t h a t  two p a r a l l e l  
d e v i a t e d  w e l l s  b e  d r i l l e d  i n  h o t  g r a n i t e  and t h a t  f rac tures  b e  made 
between t h o s e  wells. wa te r  is t h e n  c i r c u l a t e d  th rough  t h i s  sys t em 
under  p r e s s u r e  and h e a t  e x t r a c t e d  from t h e  w a t e r  a t  t h e  s u r f a c e  b e f o r e  
i t  is r e t u r n e d  t o  t h e  i n j e c t i o n  w e l l .  Th i s  t y p e  o f  r e s e r v o i r  sys tem 
h a s  proven t o  be f e a s i b l e  w i t h  t h e  e x t r a c t i o n  o f  h e a t  from two h o l e s  
d r i l l e d  t o  a b o u t  3 -~m (10 ,000-f t )  d e p t h  [ l ] .  The P r o j e c t  is now com- 
p l e t i n g  t h e  second o f  a n o t h e r  p a i r  o f  h o l e s  i n  t h e  4.5-~m (15 ,000-f t )  
d e p t h  r ange ,  which have a n  i n c l i n a t i o n  o f  35' t o  t h e  v e r t i c a l  i n  a n  
uncased open-hole r e s e r v o i r  s e c t i o n  a b o u t  1200 m (4 ,000  f t )  long .  A 
sKetch  o f  t h i s  sys tem is shown i n  F i g u r e  1. 
The c o n s t r u c t i o n  o f  an  HDR geo the rma l  e n e r g y  e x t r a c t i o n  r e s e r v o i r  
sys tem a t  Fenton H i l l  is rather  s t r a i g h t f o r w a r d  from a g e o m e t r i c  view- 
p o i n t .  The t echno logy  r e q u i r e s  t h a t  two s l a n t - t y p e  wells be d r i l l e d  
t o  i n t e r s e c t  t h e  r e s o u r c e  r e g i o n  w i t h  t h e  two wells l o c a t e d  i n  essen- 
t i a l l y  t h e  same v e r t i c a l  p l a n e ,  a p l a n e  t h a t  is a p p r o x i m a t e l y  normal 
t o  t h e  f r a c t u r e  p l a n e s .  I n  g e o l o g i c  and t e c t o n i c  s i t u a t i o n s  where t h e  
. f r a c t u r e s  a r e  v e r t i c a l ,  a s  a t  Fenton H i l l ,  a p r a c t i c a l  maximum l i m i t  
is l i K e l y  p l aced  upon t h e  a n g l e  o f  i n c l i n a t i o n  t h a t  c a n  be  ach ieved  i n  
v e r y  hard  rocK w i t h  modern d r i l l i n g  technology.  The  l e n g t h  o f  t h e  
i n c l i n e d  s e c t i o n  o f  w e l l b o r e s  and t h e i r  v e r t i c a l  s e p a r a t i o n  a r e  based  
upon t h e  p o s s i b l e  f r a c t u r e  s p a c i n g ,  power o u t p u t  and r e s e r v o i r  l i f e  
r e q u i r e d ,  and t h e  v e r t i c a l  w e l l b o r e  s p a c i n g  o v e r  which a h i g h  prob- 
a b i l i t y  o f  i n t e r c o n n e c t i o n  c a n  be  ach ieved  v i a  h y d r a u l i c  f r a c t u r i n g .  
The new Fenton H i l l  HDR r e s e r v o i r  and d r i l l i n g  geometry  is based  upon 
a s p a c i n g  1 0  t o  1 5  v e r t i c a l  f r a c t u r e s  having  a h o r i z o n t a l  s e p a r a t i o n  
121 of  37 t o  55 m (120 t o  180 f t ) .  A power o u t p u t  c a p a c i t y  o f  a b o u t  
30 t o  50 M W ( t )  and a r e s e r v o i r  drawdown o f  a t  most  20% i n  10-y pro- 
d u c t i o n  shou ld  be p o s s i b l e .  Based upon t h e  resu l t s  from t h e  s h a l l o w e r  
3 - ~ m  (10 ,000-f t )  d e p t h  HDR system produced a t  Fenton H i l l ,  a w e l l b o r e  
s p a c i n g  o f  370 m (1200 f t )  was p lanned .  
The  f i r s t  w e l l  o f  t h e  new sys tem,  e n e r g y  e x t r a c t i o n  well  No. 2 
(EE-2), was spudded A p r i l  1979 and reached  t o t a l  d e p t h  May 1 2 ,  1980. 
T h i s  d e e p e r  EE-2 wel l  w i l l  be t h e  i n j e c t i o n  well  and h a s  a measured 
bottom-hole s t a t i c  t e m p e r a t u r e  o f  a b o u t  320OC (610 OF) . The upper  well 
o f  t h e  p a i r ,  d e s i g n a t e d  a s  EE-3, was spudded May 16,  1980 and is cur- 
r e n t l y  (mid-December 1980) be ing  d r i l l e d  . D i r e c t i o n a l  o p e r a t i o n s  a r e  
i n  t h e  m i d s t  o f  b u i l d i n g  t h e  35' i n c l i n a t i o n  a n g l e  of  t h e  31.1 c m  
(12-1/4-in.) d r i l l e d  d i a m e t e r  p o r t i o n  o f  t h e  w e l l b o r e .  The c u r r e n t  
d e p t h  is  a b o u t  3.2 Km (10,500 f t ) .  
T h i s  r e p o r t  f o c u s e s  on t h e  d i r e c t i o n a l  d r i l l i n g  a s p e c t s  o f  t h e s e  
two wel l s  and d i s c u s s e s  some o f  t h e  equipment  deve loped  and used in- 
t h e  d r i l l i n g  o p e r a t i o n s  and t h e  e x p e r i e n c e  g a i n e d  i n  t h e  d r i l l i n g  o b  
EE-2 and EE-3 ( t o  d a t e ) .  P r e v i o u s  d r i l l i n g  e x p e r i e n c e  a t  Fenton H i l l  
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f o r  t h e  3 Km (10 ,000  f t )  d e e p  wel l s  EE-1 and GT-2 c a n  be found i n  
Refs .  13 t h r o u g h  71 . 
DIRECTIONAL D R I L L I N G  
Most o f  t h e  d r i l l i n g  o f  t h e  two we l l s  is performed u s i n g  r o t a r y  
d r i l l i n g  methods w i t h  t u n g s t e n - c a r b i d e  i n s e r t - b u t t o n  b i t s .  Blade  t y p e  
s t a b i l i z e r s  were i n i t i a l l y  used i n  t h e  bot tom-hole  assemblies (BHA) t o  
Keep t h e  h o l e  s t r a i g h t .  Because these  wore r a p i d l y  ( F i g u r e  2)  i n  t h e  
g r a n i t i c  f o r m a t i o n s  t h e y  were r e p l a c e d  by 6-poin t  and 3-poin t  r eamers  
w i t h  r e p l a c e a b l e  r o t a t i n g  r o l l e r s .  Smooth-faced r o l l e r s  were used 
when t h e  reamer was r e q u i r e d  b a s i c a l l y  f o r  s t a b i l i z a t i o n ,  and Knobby 
r o l l e r - c u t t e r s  w i t h  t u n g s t e n - c a r b i d e  b u t t o n s  were used f o r  reaming 
[8 ,9 ]  . S t a n d a r d  !'fulcum" t y p e  l i f t i n g  a s s e m b l i e s  were found q u i t e  
u s e f u l  f o r  i n c r e a s i n g  t h e  i n c l i n a t i o n  o f  t h e  b o r e h o l e s  d u r i n g  r o t a r y  
d r i l l i n g .  However, t h e  h o l e s  u s u a l l y  walKed t o  t h e  l e f t  a t  unpred ic -  
t a b l e  r a t e s  when us ing  r o t a r y  d r i l l i n g  f o r  b u i l d i n g  a n g l e  w i t h  these 
a s s e m b l i e s [ 8 ] .  Downhole d r i l l  motor r u n s  were r e q u i r e d  t o  c o r r e c t  t h e  
d i r e c t i o n  o f  t h e  wel ls .  S t a b i l i z e d  s t r a i g h t  h o l e s  tended  t o  walK 
e i t h e r  t o  t h e  r i g h t  o r  l e f t  depending ,  presumably,  on t h e  f o r m a t i o n  
c h a r a c t e r i s t i c s .  V a r i a t i o n s  i n  we igh t  and r o t a r y  speed  d i d  n o t  a p p e a r  
t o  have  any  e f f ec t  on t h i s  tendency .  
The g r a n i t i c  f o r m a t i o n  h a s  a demons t r a t ed  tendency  t o  f r a c t u r e  i n  
v e r t i c a l  p l a n e s  t h a t  a re  expec ted  t o  r u n  i n  a no r th -wes t / sou th -eas t  
d i r e c t i o n .  In  o r d e r  t o  p l a c e  t h e  wel l s  so t h a t  h e a t  e x t r a c t i o n  migh t  
be o b t a i n e d  from t h e  l a r g e s t  volume, t h e  b o r e h o l e s  were directed i n  a 
n o r t h - e a s t e r l y  d i r e c t i o n  normal t o  t h e  a n t i c i p a t e d  f r a c t u r e  p l a n e  and 
i n c l i n e d  a t  t h e  maximum f e a s i b l e  a n g l e  from t h e  v e r t i c a l .  The l a r g e s t  
a n g l e  t h a t  was t h o u g h t  t o  be p r a c t i c a l  w i t h  p r e s e n t  d r i l l i n g  tech- 
n i q u e s  w i t h  a r e a s o n a b l e  chance  o f  s u c c e s s  was 35*. I n  a d d i t i o n ,  t h e  
second wel l  (EE-3)  was r e q u i r e d  t o  be p a r a l l e l  and 370 m (1200 f t )  
above t h e  f i r s t  h o l e  (EE-2) w i t h  a t o l e r a n c e  o f  k 3 0  m (100 f t )  . These 
r e q u i r e m e n t s  and t h e  u n p r e d i c t a b i l i t y  o f  r o t a r y  d i r e c t i o n a l  d r i l l i n g  
i n  t h e  g r a n i t i c  rocK, n e c e s s i t a t e s  a p l a n  f o r  a number o f  downhole 
motor  r u n s  t o  g u i d e  t h e  c o u r s e  o f  t h e  h o l e .  
The sys tem fo r  changing  h o l e  d i r e c t i o n  w i t h  downhole m o t o r s  is 
shown i n  F i g u r e  3 and c o n s i s t s  o f  t h e  b i t ,  downhole moto r ,  b e n t  s u b ,  
f l o a t  s u b ,  mule-shoe s u b  and non-magnetic d r i l l  c o l l a r s .  The s t e e r i n g  
t o o l  is  a l i g n e d  w i t h  t h e  b e n t  s u b  by means o f  t h e  m u l e  shoe .  The 
s t e e r i n g  t o o l  p r o v i d e s  a c o n t i n u o u s  r e a d o u t  on t h e  r i g  f l o o r  o f  t h e  
o r i e n t a t i o n  from t h e  h i g h  s i d e  of  t h e  e and a l l o w s  t h e  p o r t i o n  o f  
t h e  assembly  below t h e  b e n t  s u b  t o  be  n.ed i n  t h e  des i red  d i r e c t i o n  
r e l a t i v e  t o  t r e f e r e n c e  
P o , s i t i v e  Disp lacement  Motors . 
e n t  m o t o r s  (PDrv1) h een used  i n  
n a l  d r i l l i n g .  They c o n s i s t  b a s i c a l l y  o f  
a h e l i c a l ,  meta  orms t h e  r o t o r ,  and turns  i n  a elasto- 
meric s t a t o r .  Motors from t h r e e  s u p p l i e r s ,  Table l A ,  have  been used  
a t  Fenton H i l l  and w h i l e  t h e y  have  d i f f e r e n t  performance c h a r a c t e r i s -  
t i c s  t h e y  a l l  h a v e  t e m p e r a t u r e  l i m i t a t i o n s  w h i c h  reduce t h e i r  
'W 
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and tk c a p a b i l i t i e s  f o r  geothermal  d r i l l i n g .  In d r i l l i n g  well EE-1, p r e s e n t  bOr'ehOleS, we found t h a t  t h e  p r a c t i c a l  maximum l i m i t  a t  whic 
these moto r s  c o u l d  be used was 200'C (392'F) f o r m a t i o n  t e m p e r a t u r e  o r  
a d e p t h  of 3 K m  (10,000 f t )  i n  t h e  wel ls .  These  moto r s  a r e  c o n s t a n t  
d i s p l a c e m e n t  d e v i c e s  and have t h e  advan tage  t h a t  motor speed is con- 
t r o l l e d  by  t h e  d r i l l i n g  f l u i d  f low r a t e .  Other  a d v a n t a g e s  o f  t h e  PDM 
moto r s  a r e  a v a i l a b i l i t y  a s  r e n t a l  t o o l s  and t h e  f a c t  t h a t  PDPl ' react ive 
t o r q u e s  a r e  f a i r l y  p r e d i c t a b l e  and Known t o  d i r e c t i o n a l  d r i l l i n g  e n g i -  
n e e r s .  T h i s  a l l o w s  p r e s e t  o r i e n t a t i o n  so t h a t  d i r e c t i o n a l  changes  c a n  
be made w i t h  t h e  a i d  of  s i n g l e - s h o t  s u r v e y s  taKen between motor r u n s .  
T h e r e f o r e ,  PDPl o p e r a t i o n  d o e s  n o t  n e c e s s a r i l y  require t h e  u s e  o f  t h e  
much more expens ive  c o n t i n u o u s  r e a d i n g  downhole s t e e r i n g  d e v i c e s .  
Three  v e r s i o n s  o f  t h e  PDPI mo to r s  were used i n  EE-2 and EE-3 
d r i l l i n g  t h e  S m i t h  I n t e r n a t i o n a l ' s  DynaDr i l l ,  C h r i s t e n s e n ' s  N a v i D r i l l  
and t h e  BaKer S e r v i c e  T o o l s  Motor. w i t h  t h e  l i m i t e d  amount o f  d r i l l -  
ing  performed w i t h  t hese  m o t o r s ,  no d e f i n i t e  p r e f e r e n c e s  c o u l d  be 
de te rmined ;  however,  t h e  s l o w e r  r o t a r y  speed  o f  t h e  BaKer motor  r e s u l -  
t e d  i n  l o n g e r  b i t  l i f e .  
T u r b o d r i l l s  
A h i g h  t e m p e r a t u r e  t u r b o d r i l l  was deve loped  a s  a j o i n t  e f f o r t  
between LASL and Maurer Eng inee r ing ,  Inc  . (MEI)  , Houston, Texas [10]  . 
The g e n e r a l  o b j e c t i v e  o f  t h e  t u r b o d r i l l  d e s i g n  was t o  match t h e  t u r b o -  
d r i l l  per formance  a s  c l o s e l y  a s  p o s s i b l e  t o  t h e  b i t  d r i l l i n g  require- 
m e n t s  i n  g r a n i t e .  O f  s p e c i a l  i n p o r t a n c e  were (1) r e l a t i v e l y  low r o t a -  
t i o n a l  speed f o r  l ong  b i t  l i f e ,  ( 2 )  c a r b i d e  i n s e r t  b i t s  t o  be  u s e d ,  
( 3 )  s h o r t  l e n g t h  f o r  downhole e c c e n t r i c  o f f - s e t  w i t h  b e n t  s u b ,  ( 4 )  
h igh - to rque  c a p a b i l i t y  t o  match b i t  r e q u i r e m e n t ,  and ,  o f  c o u r s e ,  (5) 
h igh - t empera tu re ,  300% (572 'F) ,  o p e r a t i n g  r a t i n g .  In  a d d i t i o n  t h e  
t u r b o d r i l l  was des igned  t o  be m a i n t a i n a b l e  i n  t h e  f i e l d  w i t h  f e a t u r e s  
s u c h  a s  a r e p l a c e a b l e  b e a r i n g  pacK. 
The a s - b u i l t  performance c h a r a c t e r i s t i c s  of  t h e  19.7-cm- (7-3/4- 
in.-) diam t u r b o d r i l l  were measured on a dynamometer t e s t  s t a n d  a t  t h e  
ME1 f a c i l i t i e s  and a l s o  wh i l e  d r i l l i n g  i n t o  g r a n i t e  t e s t  spec imens  a t  
t h e  D r i l l i n g  Research Labora to ry  ( D R L ) ,  S a l t  LaKe C i t y ,  Utah. From 
t h e  DRL t e s t s  a n  o p e r a t i n g  map o f  t h e  t u r b o d r i l l  . c h a r a c t e r i s t i c s  was 
p l o t t e d ,  showing t o r q u e ,  RPM, and p e n e t r a t i o n  r a t e  v s  b i t  weight  and 
f l u i d  f l o w  r a t e .  The DRL tes ts  showed t h a t  31.1-cm (12-1/4-in.) c a r -  
b i d e  i n s e r t  b i t s  r e q u i r e  approx ima te ly  1080 Nmm (800 f t - l b f )  t o r q u e  a t  
89 K N  (20,000 l b f )  b i t  weight  t o  d r i l l  g r a n i t e ,  and f l o w  r a t e s  o f  23 
t o  25 R/s (370 t o  400 gpm) would r e s u l t  i n  t u r b o d r i l l  r o t a t i o n a l  
s p e e d s  o f  250 t o  350 rpm. The p e n e t r a t i o n  r a t e  de t e rmined  i n  t h e  DRL 
t e s t s  d r i l l i n g  i n  g r a n i t e  i n c r e a s e d  r a p i d l y  a s  t h e  r o t a r y  speed  was 
i n c r e a s e d .  Fo r  example,  w i t h  133  K N  (30,000 l b  ) b i t  w e i g h t ,  t h e  
d r i l l i n g  r a t e  i n c r e a s e d  front 1.5 t o  7.3 m/h a s  t h e  
r o t a r y  speed  i n c r e a s e d  from 5 0  t o  200 rpm. T h i s  i n d i c a t e s  t h a t  rela- 
t i v e l y  h i g h  d r i l l i n g  r a t e s  c a n  be o b t a i n e d  i n  g r a n i t e  w i t h  t h e  ME1 
t u r b o d r i l l s  b u t  w i l l  r e s u l t  i n  d e c r e a s e d  b i t  l i f e  a s  compared t o  
r o t a r y  d r i l l i n g  w i t h  t h e  same b i t  a t  lower rpn .  
(5 Eo 24 f t / h )  
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I n . ,  p a r a l l e l  w i t h  t h e  evelopment  and t e s t i n g  o f  t h e  19.7-cm- 
(7-3/4- in . - )  d i a m  t u r b o d r i l l s ,  a s m a l l e r  d i a m e t e r ,  13.6-cm- 
(5-3/8-in.-) diam, t u r b o d r i l l  was deve loped  b y  ME1 and t e s t e d  i n  a 
These 13.6-cm t u r b o d r i l l s  have  s u f f i c i e n t  t o r q u e  t o  
r o t a t e  22.2-cm- (8-3/4-in.-) diam c a r b i d e - i n s e r t  th ree-cone  b i t s  a t  
b i t  we igh t  o f  approx ima te ly  8 9  K N  (20,000 l b f ) ,  r o t a t i o n a l  s p e e d s  o f  
350 rpm, and f l o w  r a t e s  o f  19  A/s (300 gpm) . 
Motor Per formance  Exper i ence  
T a b l e s  2 and 3 r e c o r d  a summary o f  t h e  downhole motor  d i r e c t i o n a l  
r u n s  f o r  EE-2 and EE-3, t o  d a t e .  (Note t h a t  t h e  downhole motor d e s i g -  
n a t i o n s  i n  Tables 2 and 3 a r e  d e f i n e d  i n  Tab le  1.) The PDMs were used 
t o  a d e p t h  o f  a b o u t  3.0 Km (9,800 f t )  and a f o r m a t i o n  t e m p e r a t u r e  o f  
200°C ( 4 0 0 ° F ) .  The t y p i c a l  downhole motor a s s e m b l i e s  used are  pre-  
s e n t e d  i n  T a b l e  4 ,  and t h e  per formances  o f  t h e  v a r i o u s  motor  assem- 
b l i e s  a r e  summarized i n  Tab le  5 .  The  r e s u l t s  o f  these  motor  d i r e c -  
t i o n a l  assembly  r u n s  shou ld  be reviewed w i t h  t h e  Knowledge t h a t  a 
two- jo in t  s t r a n d  o f  d r i l l  p i p e  1 9  m ( 6 2  f t )  was u s u a l l y  s e t  up  f o r  t h e  
d i r e c t i o n a l  o p e r a t i o n s .  
As is e v i d e n t  i n  T a b l e s  2, 3 ,  and 5 ,  a l l  mo to r s  p rov ided  accep-  
t a b l e  p e n e t r a t i o n  rates.  Downhole l i f e  was o f t e n  l i m i t e d  b y  s e v e r e  
b i t  gauge  wear t o  o n l y  2 t o  3 o p e r a t i n g  hour s .  S t e e r i n g  t o o l  f a i l u r e s  
a l s o  i n t e r u p t e d  motor r u n s  i n  a number o f  i n s t a n c e s .  
The ME1 19.7-cm- (7-3/4-in.-) d i m  t u r b o d r i l l  had its f i r s t  f i e l d  
u s e  i n  J u l y  1979 and was used t o  d i r e c t i o n a l l y  d r i l l  i n  2 1  r u n s  i n  t h e  
h igh - t empera tu re  p o r t i o n  o f  EE-2. The l a s t  r u n  i n  t h e  d r i l l i n g  se- 
quence was t y p i c a l  o f  t h e  d r i l l i n g  performance ach ieved  u s i n g  t h e  
t u r b o d r i l l ,  and t h e  o p e r a t i n g  c h a r a c t e r i s t i c s  f o r  t h i s  run  a r e  shown 
i n  Tab le  60 
Seve re  b e a r i n g  wear is a problem w i t h  t h e  ME1 t u r b o d r i l l  and 
f i e l d  u s e  requires t h a t  adequa te  b e a r i n g  s p a r e s  be a v a i l a b l e .  Also 
m a i n t e n a n c e  o f  the t u r b i n e s  r e q u i r e s  t h e  u s e  of a brearc-out tool and  
a n  expe r i enced  mechanic.  However, f i e l d  r e p a i r  can  b e  performed on 
these  u n i t s  i n  a n  a d e q u a t e  s h e l t e r .  The downhole running t i m e  between 
s e r v i c i n g  o f  t h e s e  t o o l s  is comparable  t o  t h a t  o f  t h e  PDM's, b u t  b i t  
wear was somewhat g r e a t e r  w i t h  t h e  h i g h e r  speed  t u r b i n e .  
w s i m i l a r  f a s h i o n .  
d r i v e n  d i r e c t i o n a l  r u n s  i n  EE-2 
a i n e d  t h e  n o r t h - e a s t e r l y  d i r e c t i o n  o f  t h a t  w e l l ,  
a s equence  o f  a n g l e - b u i l t  r o t a r y  r u n s  was made, see Tab le  4.  These  
i n c l i n a t i o n  b u i l d  a s s e m b l i e s  were hampered b y  v a r i a b l e  lef t -walK t e n -  
d e n c i e s .  F i n a l l y ,  a s t r o n g  b u i l d  assembly  ach ieved  t h e  d e s i r e d  35- 
i n c l i n a t i o n  . 
A f t e r  r educ ing  t h e  b o r e h o l e  d i a m e t e r  a t  3.2 K m  (10,500 f t )  t o  
22.2 cm (8-3/4-in.) diam t h e  EE-2 i n c l i n a t i o n  was locKed-in v e r y  e f -  
f e c t i v e l y  w i t h  a s t i f f ,  pacKed-hole assembly  ( T a b l e  4 )  . Although some 
s l i g h t  walK t e n d e n c i e s  were exper ienced . ,  t h e  w e l l  was d r i l l e d  t o  t o t a l  
d e p t h  w i t h o u t  f u r t h e r  d i r e c t i o n a l  c o r r e c t i o n s  . 
Note t h a t  b o t h  b u i l d  and h o l d  a s s e m b l i e s  used  r o l l e r  reamers. 
Although t h e s e  used a s  c o n t a c t  t o o l s  o n l y  p r o v i d e  s m a l l  c o n t a c t  a r e a s ,  
t h e  r o l l e r  reamers  provided  s a t i s f a c t o r y  d i r e c t i o n a l  c o n t r o l .  Occa- 
s i o n a l y  s e v e r e  wear was e x p e r i e n c e d ,  F i g u r e  4. 
S e v e r a l  t u r b i n e  m o t o r s  have  been t e s t e d  t h u s  f a r  i n  t h e  EE-2, 
EE-3 d r i l l i n g  program. Two ME1 13.7-cm- (5-3/4-in.-) diam t u r b i n e s  
were t e s t e d  a t  t h e  bottom o f  EE-2 i n  p r e p a r a t i o n  f o r  p o s s i b l e  u s e  i n  
t h e  22.2 cm (8-3/4-in.) s e c t i o n  o f  EE-3. (See Tab les  1 C  and  2.) 
A l s o ,  two 17.8-cm- (7-in.-) diarn DynaDri11 ( S m i t h  I n t e r n a t i o n a l )  d i -  
r e c t i o n a l  motor  t e s t s  (Tables 1 C  and  3) were conducted .  These a l l -  
m e t a l  DynaDri l l  d i r e c t i o n a l  t u r b i n e s  a r e  a l s o  c a n d i d a t e s  f o r  -use  f o r  
d i r e c t i o n a l  c o r r e c t i o n s  i n  t h e  h igh - t empera tu re  s e c t i o n  o f  EE-3. Two 
o t h e r  s t r a i g h t - h o l e  h igh- tempera ture  DyanDri l l  t u r b i n e s  (Key DD7TS i n  
Table  l C ,  and Table  3) were r u n  i n  EE-3 w i t h  l i m i t e d  success d u e  t o  
h o l e  c o n d i t i o n s ,  The DynaDri l l  t u r b i n e  r u n s  were suppor t ed  b y  t h e  
Sandia  N a t i o n a l  Labora tory  Geothermal D r i l l i n g  and Complet ions R&D 
Program. It a p p e a r s  t h a t  these  moto r s  have e x c e l l e n t  h igh - t empera tu re  . 
c a p a b i l i t i e s  and w i l l  f i n d  a p p l i c a t i o n  i n  geo the rma l  w e l l  d i r e c t i o n a l  
d r i l l i n g  o p e r a t i o n s  where t h e i r  performance c h a r a c t e r i s t i c s  (e .g . ,  
t o r q u e )  a r e  a p p l i c a b l e .  
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Magnetic s i n g l e - s h o t  s u r v e y s  were taKen a t  i n t e r v a l s  t o  show t h e  
w e l l b o r e  i n c l i n a t i o n  and d i r e c t i o n .  T h i s  i n f o r m a t i o n  was p l o t t e d  as  
t h e  w e l l s  p r o g r e s s e d  t o  show t r a j e c t o r i e s  so  t h a t  t h e  well c o u l d  be 
g u i d e d  b y  d i r e c t i o n a l  d r i l l i n g  methods a s  r e q u i r e d ,  These t ra jec-  
t o r i e s  a r e  shown i n  F i g u r e s  5 and 6. S t anda rd  s i n g l e - s h o t  u n i t s  w i t h  
h e a t  s h i e l d s  were used w i t h  s t a n d a r d  pho tograph ic  f i l m s  f u r n i s h e d  b y  
t h e  s e r v i c e  companies.  However, i t  was found n e c e s s a r y  t o  r e p l a c e  t h e  
I'O" r i n g s  i n  t h e  s t a n d a r d  u n i t s  w i t h  Vi ton  "0" r i n g s .  Also t o  Keep 
t h e  f i l m  from being fogged a t  h i g h  t e m p e r a t u r e ,  i t  was n e c e s s a r y  t o  
Keep t h e  f i l m  and t h e  camera s e c t i o n  o f  t h e  i n s t r u m e n t  pacKaged i n  
d e s i c a n t  u n t i l  immedia te ly  p r i o r  t o  assembl ing  i t  i n t o  t h e  i n s t r u m e n t .  
The magnet ic  s i n g l e  s h o t  d a t a  proved t o  b e  s u f f i c i e n t l y  r e l i a b l e  t o  
p l o t  t h e  h o l e s .  S i n g l e - s h o t  d a t a  were taKen on a s l i c K  l i n e  and occa- 
s i o n a l l y  b y  go  d e v i l  t o  a d e p t h  o f  a b o u t  2740 m (9,000 f t )  and t h e n  by 
16-mm (5/8-in.)  sand l i n e  below t h a t  d e p t h .  
Mul t i - sho t  s u r v e y s  were taKen t o  conf i rm t h e  s i n g l e - s h o t  d a t a .  
T h i s  method h a s  o n l y  l i m i t e d  a p p l i c a b i l i t y  t o  v e r y  h igh - t empera tu re  
wells; however, a s  f i l m s  t h a t  are c u r r e n t l y  a v a i l a b l e  a r e  n o t  s u f f i -  
c i e n t l y  h e a t  r e s i s t a n t  t o  a l l o w  d e l a y s  downhole w h i l e  o b t a i n i n g .  d a t a ,  
F i lms  have  been manufac tured  which have s a t i s f a c t o r y  h e a t  r e s i s t a n t  
p r o p e r t i e s  b u t  due t o  t h e  e x t r e m e l y  l i m i t e d  marKet for t h i s  f i l m  it 
was n o t  a v a i l a b l e  f o r  t h i s  u se .  
Three d i f f e r e n t  models  of the c o n t i n u o u s  r ead ing  downhole steer- 
ing  t o o l s  were used ,  Table  1. These t o o l s  t r a n s m i t  a c o n t i n u o u s  a z '  
mutha l  r e a a i n g  (measured front t h e  h i g h  side of t h e  hole) to t b 
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s u r f a c e  and w i l l  p r o v i d e  magne t i c  a z i m u t h a l  and i n c l i n a t i o n  r e a d i n g s  
upon r e q u e s t  from t h e  c o n t r o l  v e h i c l e .  The S c i e n t i f i c  D r i l l i n g  Con- 
t r o l  (Eye) t o o l  was t h e  o n l y  t o o l  t h a t  proved a d e q u a t e  t o  w i t h s t a n d  
t h e  v i b r a t i o n  and t h e  extreme t e m p e r a t u r e s  r e q u i r e d .  T h i s  t o o l  was 
n o t  r e q u i r e d  t o  o p e r a t e  a t  t h e  bottom o f  EE-2 b u t  was t e s t e d  in -ho le  
a t  t h e  end o f  t h e  d r i l l i n g .  I t  was found t o  b e  a b l e  t o  w i t h s t a n d  a 
f o r m a t i o n  t e m p e r a t u r e  of 315°C (600°F)  f o r  6 h o u r s  w i t h  a h e a t  s h i e l d .  
The g u i d a n c e  o f  a b o r e h o l e  w i t h  s t e e r i n g  t o o l s  depends  on t h e  
a l ignmen t  o f  t h e  t o o l  w i t h  t h e  b e n t  s u b  ( F i g u r e  3) above t h e  motor  and 
a l ignmen t  o f  t h e  t o o l  depends  upon t h e  s e a t i n g  o f  a m u l e  s h o e  t o  a l i g n  
i t  w i t h  t h e  a l i g n m e n t  s u b  and c o n s e q u e n t l y  t h e  b e n t  sub .  T h i s  sys tem 
o f  a l i g n m e n t  g e n e r a l l y  worKs q u i t e  well b u t  one, and p o s s i b l y  two 
r u n s ,  i n  w e l l  EE-3 were m i s d i r e c t e d  when t h e  mule shoe  was jammed i n  a 
p o s i t i o n  17$ from. t h e  c o r r e c t  s e a t i n g  p o s i t i o n .  See Run No. 31 i n  
Tab le  3. 
ShocK Absorbe r s  
W 
I n i t i a l  t e s t i n g  o f  t h e  d r i l l i n g  c h a r a c t e r i s t i c s  o f  g r a n i t e  a t  t h e  
D r i l l i n g  Research  Labora to ry ,  Inc .  (DRL) , S a l t  LaKe C i t y ,  Utah, u s i n g  
31.1-cm- (12-1/4-in.-) diam i n s e r t  b i t s  i n d i c a t e d  t h a t  severe v i b r a -  
t j o n  and ShocK c o n d i t i o n s  e x i s t e d  n e a r  t h e  b i t  a t  t h e  s p e e d s  o f  t h e  
t u r b o d r i l l  o p e r a t i o n .  A p r o p e r l y  d e s i g n e d ,  h igh - t empera tu re  shocK 
a b s o r b e r  was judged t o  b e  needed f o r  t u r b o d r i l l  o p e r a t i o n s  a t  t h e  
Fenton  H i l l  s i t e .  T e s t i n g  o f  s e v e r a l  commerc ia l ly  a v a i l a b l e  ShocK- 
a b s o r b e r  t o o l s  a t  DRL conf i rmed t h a t  s i g n i f i c a n t  r e d u c t i o n  i n  v i b r a -  
t i o n  and shocK was p o s s i b l e ,  b u t  t h a t  some d e s i g n ,  m a t e r i a l s ,  and 
per formance  a l t e r a t i o n s  were n e c e s s a r y  f o r  u s e  i n  c o n j u n c t i o n  w i t h  a 
t u r b o d r i l l  a t  geo the rma l  c o n d i t i o n s .  Requirements  were met by  two 
f i r m s ,  G r i f f i t h  O i l  Too l s  (Edmonton, A l b e r t a )  and Mustang O i l  T o o l s  
(Corpus C h r i s t i ,  T e x a s ) ,  [ l l ] .  A c t u a l  a p p l i c a t i o n  o f  t h e s e  t o o l s  i n  
- EE-2 conf i rmed enhanced t u r b o d r i l l  performance.  T h i s  per formance  was 
o b s e r v a b l e  i n  somewhat h i g h e r  p e n e t r a t i o n  r a t e s ,  i n c r e a s e d  b i t  and 
t u r b o d r i l l  l i f e ,  and i n  reduced s t e e r i n g  t o o l  damage. Both shocK 
absorpt ion  t o o l s ,  however, experienced s e a l i n g  problems a t  tempera- 
t u re s  above a b o u t  180'C ( 3 5 8  F) and subsequen t  t u r b o d r i l l i n g  r u n s  were 
performed w i t h o u t  a ShocK a b s o r b e r  t o o l .  
Commercially a v a i l a b l e  shocK a b s o r b e r  00 1 s were s u c c e s s f u l  1 y 
u t i l i z e d  f o r  a l l  r o t a r y  d r i l l i n g  a p p l i c a t i o n s  a t  t e m p e r a t u r e s  less 
t h a n  205'C (40B'F) . D r i l c o ' s  ( D i v i s i o n  o f  S I I )  low- tempera ture  r a t e d  
( r u b b e r )  ShocK t o o l s  were used t o  d r i l l  t h e  66-, 44.5- and 3.1-cm (26 ,  
17-1/2- and 12-1/4-in. h o l e s  t o  a t e m p e r a t u r e  o f  n e a r l y  1563'C (308'F) 
w i t h  t h e  h igh - t empera tu re  r a t e d  v e r s i o n  (metal) used t o  a t e m p e r a t u r e  
o f  209 (400'F). A h igh - t empera tu re  r a t e d  ShocK a b s o r b e r  o f f e r e d  by 
Houston Eng inee r ing ,  Inc .  (Div.  o f  Wilson Ind.)  f e a t u r i n g  n o t  o n l y  
a x i a l ,  b u t  a l s o  t o r s i o n a l  dampening, is c u r r e n t l y  be ing  used i n  t h e  
31.1-cm (12-1/4- eed ing  208' (400'F) i n  
t h e  well EE-3. 
- 
D r i l l i n g  and F i s h i n g  J a r s  
below 2134 m (7000 f t )  i n  b o t h  w e l l s ,  a l a r g e  amount o f  a x i a l  and t o r -  
s i o n a l  d rag  was observed  between t h e  d r i l l  s t r i n g  and t h e  b o r e h o l e  
wall .  T h i s  phenomena is d i s c u s s e d  i n  d e t a i l  l a t e r .  The d i rec t  e f fec t  
however, was t o  c a u s e  normal h o i s t i n g  and r o t a t i n g  o p e r a t i o n s  t o  be 
conducted a t  s t resses  v e r y  n e a r l y  approaching  t h e  p l a s t i c  y i e l d  p o i n t  
o f  t h e  d r i l l  s t r i n g .  The i m p l i c a t i o n s  f o r  d r i l l  s t r i n g  s t i c K i n g  due  
t o  a d d i t i o n a l  d rag  f o r c e s  r e s u l t i n g  from a s l i g h t l y  undergauge h o l e ,  
b o r e h o l e  s l o u g h i n g ,  junK i n  t h e  h o l e ,  e t c ,  were p o t e n t i a l l y  d i s a s -  
t r o u s ,  I t  was t h e r e f o r e  de t e rmined  e a r l y  i n  t h e  d r i l l i n g  o p e r a t i o n  
t h a t  i t  would be n e c e s s a r y  t o  i n c l u d e  a s e t  o f  d r i l l i n g  j a r s  i n  t h e  
upper bottom-hole assembly a s  a p r o t e c t i v e  measure des igned  t o  a s s i s t  
i n  overcoming s t i c K i n g  f o r c e s  o v e r  and above t h e  bacKground d r a g  f o r -  
ces t h a t  might  a r i s e  i n  t h e  c o u r s e  o f  normal d r i l l i n g  a c t i v i t i e s .  To 
t h i s  end ,  a s e t  o f  h igh - t empera tu re  mechanica l  d r i l l i n g  j a r s  was i n i -  
t i a l l y  i n c l u d e d  i n  t h e  d r i l l  c o l l a r  s t r i n g  a s  t h e  d r i l l i n g  o f  w e l l  
EE-2 p r o g r e s s e d  below 2134 m (7000 f t ) .  However, a s  t h e  b o r e h o l e  
d r i l l  s t r i n g  f r i c t i o n a l  i n t e r a c t i o n  i n c r e a s e d  t o  t h e  p o i n t  where t o r -  
s i o n a l  d rag  was obse rved  a t  5 t o  1 0  r e v o l u t i o n s  o f  d r i l l  s t r i n g  t w i s t ,  
t h e  c a p a b i l i t y  t o  s u c c e s s f u l l y  m a n i p u l a t e  these  t o r s i o n a l l y  r e s p o n s i v e  
mechanica l  d r i l l i n g  j a r s  r a p i d l y  degraded .  A s e a r c h  was s u b s e q u e n t l y  
i n i t i a t e d  f o r  a se t  o f  a x i a l l y  r e s p o n s i v e  d r i l l i n g  j a r s ,  o f  any t y p e ,  
which would perform r e l i a b l y  a t  t h e  bot tom-hole  t e m p e r a t u r e ,  which  a t  
t h a t  p o i n t  was i n  e x c e s s  o f  205'C (400°F) , A commer ica l ly  a v a i l a b l e ,  
a x i a l l y  r e s p o n s i v e ,  s e t  o f  h y d r a u l i c  d r i l l i n g  j a r s  (HYDRA-JAR) was 
mod i f i ed  by Houston Eng inee r s ,  Inc .  (Div. o f  Wilson Ind.) t o  accom- 
modate b o r e h o l e  t e m p e r a t u r e s  t o  288°C (550°F) , These j a r s  were s u c -  
c e s s f u l l y  used f o r  t h e  remainder  o f  t h e  EE-2 w e l l  and t h e  EE-3 f o r  
d r i l l i n g  t o  t e m p e r a t u r e s  exceeding  3 1 5 ~ C  (600°F)  , 
Major f i s h i n g  o p e r a t i o n s  a t  t e m p e r a t u r e s  above 205'C (400.F) were 
s u c c e s s f u l l y  conducted us ing  a se t  o f  a x i a l l y  r e s p o n s i v e  mechanica l  
r o t a r y  j a r s  (Type J) provided  by Bowen Too l s ,  Inc.  These j a r s  pe r -  
formed r e l i a b l y  b u t  s u f f e r e d  premature  f a i l u r e  d u r i n g  e x t e n s i v e  j a r -  
r i n g  o p e r a t i o n s  d u e  t o  t h e  the rma l  f a i l u r e  of i n t e r n a l  s e a l s  and t h e  
subsequen t  l o s s  o f  p r o t e c t i v e  l u b r i c a n t .  
During t h e  e x t e n s i v e  d i r e c t i o n a l  d r i l l i n g  o p e r a t i o n s  conducted  &J 
D r i l l i n g  B i t s  
Three-cone t u n g s t e n - c a r b i d e  i n s e r t  b i t  performance w h i l e  d r i l l i n g  
w i t h  a downhole motor was p r e d i c t a b l e ,  a l t h o u g h  d i s a p p o i n t i n g .  S e v e r e  
gauge  wear a t  t h e  h i g h e r  r o t a t i o n a l  s p e e d s  (350 t o  700 rpm) s i g n i f i -  
c a n t l y  res t r ic ted t h e  u s e f u l  downhole l i f e  o f  motor -dr iven  assemblies, 
Motor d r i l l i n g  o f f e r e d  e x c e p t i o n a l  p e n e t r a t i o n  r a t e s  i n  t h e  h a r d ,  
b r i t t l e ,  a b r a s i v e  g r a n i t e  [7.6 t o  15.2 m/h (25 t o  50  f t / h )  dependen t  
upon t h e  magni tude  o f  a p p l i e d  b i t  we igh t  o f  from 1750 t o  5250 N / c m  
(1000 t o  3000 l b / i n . )  o f  b i t  d i a m e t e r ]  b u t  was l i m i t e d  t o  o n l y  2 t o  4 
h o f  on-bottom d r i l l i n g  t i m e  because  o f  t h e  r a p i d  b i t  gauge  degrada-  
t i o n ,  S e v e r a l  i n s t a n c e s  o f  motor  d r i l l i n g - i n d u c e d  subgauge h o l e  re- 
q u i r e d  subsequen t  r o t a r y  reaming o f  t h e  b o r e h o l e  b e f o r e  a d d i t i o n a l  
d r i l l i n g  c o u l d  be performed.  IADC coded  835  b i t s  ( o r  n o n s e a l e d  83 
b i t s )  were s u c c e s s f u l l y  mod i f i ed  t o  i n c l u d e  more a b r a s i o n  r e s i s t a n  
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Inser ts  on  t h e  gauge  row, and on t h e  s h i r t  t a i l  and s h a m ,  t o  add l i f e  
t o  t h e  motor -dr iven  a s s e m b l y ' r u n s .  
T y p i c a l  c u t t i n g  s t ruc ture  f a i l u r e  was ev idenced  b y  round ing ,  o r  
even f l a t t e n i n g ,  o f  t h e  t u n g s t e n - c a r b i d e  i n se r t s  v e r s u s  t h e  more com- 
mon mode o f  i n s e r t  breaKage a s  is u s u a l l y  observed  on such  b i t s  run  a t  
h i g h  r o t a t i o n a l  s p e e d s  i n  v e r y  h a r d  rocK. R o l l e r  b e a r i n g s  s u f f e r e d  
l i t t l e  under  such  c i r c u m s t a n c e s  w i t h  t h e  e x c e p t i o n  o f  e l a s t o m e r i c  sea l  
f a i l u r e  a t  bottom-hole t e m p e r a t u r e s  exeed ing  1 7 7  C (350'F) . 
In c o n t r a s t ,  t h e  b u l K  o f  t h e  r o t a r y  d r i l l i n g  i n  t h e  g r a n i t i c  rocK 
a t  Fenton H i l l  was accomplished wi th  IADC coded 637, 635,  and  738 
t u n g s t e n - c a r b i d e  i n s e r t  b i t s .  F r i c t i o n  b e a r i n g  and s c a l e d - r o l l e r  
b e a r i n g  b i t s  were u t i l i z e d  u n t i l  bot tom-hole  d r i l l i n g  t e m p e r a t u r e s  ex- 
c e e d e d  t h e  c a p a b t l i t y  o f  t h e  b e a r i n g  s e a l  [ a p p r o x i m a t e l y  1 7 T C  
(350" F ) ]  whereupon nonsea led  r o l l e r - b e a r i n g  b i t s  were used f o r  t h e  
remainder  o f  t h e  d r i l l i n g  t o  t e m p e r a t u r e s  exceeding  3 1 9 C  ( 6 0 P F )  . 
P r e v i o u s  d r i l l i n g  e f f o r t s  on  t h e  s h a l l o w e r  Phase I sys t em (wel ls  EE-1  
and GT-2) a t  Fenton H i l l  u t i l i z e d  EADC coded 835  and 838  b i t s  f o r  t h e  
bulK o f  t h e  r o t a r y  d r i l l i n g .  Operated w i t h  open-flow n o z z l e s  a t  45 
rpm, and 5250 t o  7000 N / c m  (3000 t o  4000 l b  / in . )  o f  b i t  d i a m e t e r  
r e s u l t e d  i n  p e n e t r a t i o n  r a t e s  o f  2.4 t o  3.3 &h (8 t o  11 f t / h )  and  
maximum b i t  l i f e  o f  50 t o  6 0  h .  C o n s i d e r a b l e  a t t e n t i o n  was t h e r e f o r e  
g i v e n  t o  d e t e r m i n i n g  t h e  b i t  t y p e s  and o p e r a t i n g  c o n d i t i o n s  t h a t  would 
p r o v i d e  a s i g n i f i c a n t l y  lower  c o s t  p e r  u n i t  o f  h o l e  d r i l l e d .  Minimum 
c o s t  pe r  u n i t  o f  r o t a r y  d r i l l i n g  was s u b s e q u e n t l y  o b t a i n e d  f o r  wel l s  
EE-2 and EE-3 by o p e r a t i n g  c o n s i d e r a b l y  " s o f t e r "  IADC c o d e  635 b i t s  a t ,  
r e l a t i v e l y  h i g h  e n e r g y  l e v e l s .  T y p i c a l  o p e r a t i n g  p a r a m e t e r s  o f  9625 
t o  11 ,375  N / c m  (5500 t o  6500 l b f / i n . )  o f  b i t  d i a m e t e r ,  65 t o  7 5  rpm 
and 520 t o  635  W/cm4 (4.5 t o  5.5 HHP/inO2) o f  b i t  a r e a  r e s u l t e d  i n  
p e n e t r a t i o n  r a t e s  o f  6.7 t o  7.3 m/h (22  t o  24 f t / h )  and maximum b i t  
l i f e  o f  30 t o  40 h.  A d d i t i o n a l  t e s t i n g  was performed t o  d e t e r m i n e  t h e  
maximum b i t  l o a d i n g  a t  which h y d r a u l i c  f l o u n d e r i n g  of t h e  b i t  occu r -  
r ed .  Flounder  p o i n t s  were observed  a t  t h e  p r e v i o u s l y  i n d i c a t e d  b i t  
l o a d i n g  a t  v a l u e s  l ess  t h a n  346 t o  404 W/cm4 (3.0 t o  3.5 HHP/in.'). 
However, 110 to 6 3 4  w/cm2 (4 .5  to 5.5 HHP/in.') r e s u l t e d  i n  s u f f i c i e n t  
h y d r a u l i c s  t o  a l l o w  l o a d i n g  o f  t h e  b i t  t o  w e l l  above i ts  b e a r i n g  capa- 
bs 
c i t y .  
As p r e v i o u s l y  d e s c r i b e d ,  b i t  f a i l u r e  was p r i m a r i l y  one o f  r a p i d  
gauge  d e g r a d a t i o n .  The optimum l o a d i n g  c o n d i t i o n s  r e s u l t e d  i n  b e a r i n g  
o f  60 t o  8 0 %  o f  a v a i l a b l e  l i f e  and f l a t t e n i n g  o f  t h e ~ i n s e r t s .  t o  1 /4  t o  
1 / 2  t h e i r  o r i g i n a l  h e i g h t  b y  t h e  time t b i t  gauge  had a t t a i n e d  a n  
u n a c c e p t a b l e  v a l u e  o f  10  t o  1 6  mm (3/8 5/8 in . )  under  gauge.  A 
c u r i o u s  phenomena r e s u l t i n g  from t h i s  worK was t h e  o b s e r v a t i o n  o f  a 
" d r i l l i n g  t r e n d "  a s  t h e  b i t  i n s e r t s  rounded and e v e n t u a l l y  f l a t t e n e d  
(seldom brOKen) w h i l e  d r i l l i n g  t h e  e x t r e m e l y  a b r a s i v e  g r a n i t i c  rocK. 
T h i s  phenomena, a s  g e  obse rved  on s t e e l - t o o t h  b i t s  o n l y ,  a l -  
lowed many b i t s  t o  be on  a c o s t  e r  f d o t  minima, a p r a c t i c e  
t h a t  may v e r y  well b e  unique f o r  t u n g s t e n - c a r b i d e .  i n s e r t  b i t  d r i l l i n g .  
bI4 
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L 4  
C o n t r o l  of D r i l l  S t r i n g  Drag 
The  geometry o f  each  o f  t h e  two s u b j e c t  wel l s  a s  p r e v i o u s l y  d i s -  
c u s s e d  i m p l i e s  t h a t  i n  a d d i t i o n  t o  numerous d o g l e g s  o f  v a r y i n g  magni- 
t u d e s ,  a l a r g e  p o r t i o n  o f  t h e  r o t a r y  d r i l l  s t r i n g  is i n  d i r e c t  c o n t a c t  
w i t h  t h e  bo reho le  w a l l .  In  f a c t ,  i n  t h e  lower 1220 m (4000 f t )  o f  t h e  
s t r i n g ,  w h i c h  u s u a l l y  c o n t a i n s  a s i g n i f i c a n t  amount o f  t h e  t o t a l  
s t r i n g  we igh t ,  n e a r l y  20% o f  t h e  weight  is a p p l i e d  normal t o  t h e  bore-  
h o l e  w a l l .  O r d i n a r i l y  these  f a c t o r s  would b e  o f  o n l y  modera te  conse-  
quence ;  however, d u e  t o  t h e  i m p e r m e a b i l i t y  o f  t h e  rocK m a t r i x ,  no  
l u b r i c a t i n g  f i l t e r  caKe d e v e l o p s  on t h e  b o r e h o l e  w a l l s .  T h i s  r e s u l t s  
i n  c o n s i d e r a b l e  a x i a l  and t o r s i o n a l  f r i c t i o n a l  d r a g  between t h e  d r i l l  
s t r i n g  and t h e  b o r e h o l e .  The o b v i o u s  i m p l i c a t i o n  is t h a t  t h e  u s e  o f  
h i g h  w a l l  c o n t a c t  t o o l s  such  a s  long s t r i n g s  o f  l a r g e  d i a m e t e r  d r i l l  
c o l l a r s  and f i x e d  b l a d e  s t a b i l i z e r s  is v i r t u a l l y  p r o h i b i t e d .  Addi- 
t i o n a l l y ,  t h e  d r i l l  s t r i n g  must  b e  s u f f i c i e n t l y  s t r o n g  t o  cope  w i t h  
t h i s  abnormal ly  h i g h  f r i c t i o n a l  i n t e r a c t i o n .  
The f i r s t  a t t e m p t  t o  d e a l  w i t h  t h i s  problem was t o  u t i l i z e  r o l l e r  
r eamers  a s  wa l l  c o n t a c t  t o o l s  i n  t h e  BHA v e r s u s  t h e  more common b l a d e  
o r  pad-type s t a b i l i z e r s .  T h i s  a c t i o n  s i g n i f i c a n t l y  reduced t o r s i o n a l  
-drag and reduced t h e  magni tude  o f  a b r a s i v e  wear observed  w h i l e  r o t a r y  
d r i l l i n g  wi th  t h e  l a t t e r .  Although t h e  r o l l e r  reamers p rov ided  l e s s  
wa l l  c o n t a c t  a r e a  t h a n  t h e  b l a d e  s t a b i l i z e r s ,  s a t i s f a c t o r y  d i r e c t i o n a l  
c o n t r o l  was r e a l i z e d  . 
The 31. l - c m -  (12-1 /4- in . - )  i n t e r m e d i a t e - d i a m  b o r e h o l e s  were 
d r i l l e d  from approx ima te ly  762 m (2500 f t )  t o  t h e  a n g l e  b u i l t  p o i n t s  
o f  3536 and 3231 m (11,600 and 10,600 f t )  w i t h  a s t r i n g  o f  21 20-cm 
(8-in.)  0.d.  d r i l l  c o l l a r s  u n t i l  t h e  t o r s i o n a l  d r a g  (measured a t  t h e  
s u r f a c e )  approached t h e  marte-up t o r q u e  o f  t h e  12.7-cm (5-in.)  0.d. 
NC50 c o n n e c t i o n s  on t h e  d r i l l  p i p e  and t h e  a x i a l  d r a g  approached t h e  
p l a s t i c  y i e l d  s t r e n g t h  o f  t h e  d r i l l  p i p e  s t r i n g .  A t  t h i s  p o i n t  t h e  
20-cm (8-in.)  0.d. d r i l l  c o l l a r s  were r e p l a c e d  w i t h  e i g h t e e n  17-cm 
(6-3/4-in.) 0.d. d r i l l  c o l l a r s  and 2 1  j o i n t s  o f  12.7-cm (5- in . )  0.d. 
HEVI-wATE (IIWDP) d r i l l  p ipe .  A s  d r i l l i n g  proceeded i n t o  t h e  22.2-cm 
(8-3/4-in.) h o l e  a t  3 5 ”  from t h e  v e r t i c a l ,  t h e  17-cm (6-3/4-in.) 0.d. 
d r i l l  c o l l a r s  were r e p l a c e d  w i t h  a n  a d d i t i o n a l  12  j o i n t s  o f  h D P .  
T h i s  s t r i n g  o f  33 j o i n t s  o f  HwDP was used f o r  b i t  l o a d i n g  d u r i n g  t h e  
ramainder  o f  t h e  22.2 c m  (8-3/4-in. h o l e )  . 
To f u r t h e r  reduce  t h e  magni tude  o f  a x i a l  and t o r s i o n a l  d r a g  be- 
tween t h e  d r i l l  s t r i n g  and t h e  b o r e h o l e ,  a p rocedure  was developed  t o  
a l l e v i a t e  t h e  problem w i t h  t h e  a d d i t i o n  o f  a l i q u i d  lubr icant  t o  t h e  
d r i l l i n g  f l u i d  ( w a t e r )  . A m i x t u r e  o f  mod i f i ed  t r i g l y c e r i d e  i n  a l c o h o l  
(Baro id  Div. o f  NL Ind.,  TORQ TRIrl 11) was added t o  t h e  d r i l l i n g  f l u i d  
a t  a c o n c e n t r a t i o n  of  5.7 Kg/m (2.0 l b / b b l )  and t h e  m i x t u r e  was in -  
j e c t e d  i n t o  t h e  b o r e h o l e  i n  8 m 3  (50  b b l  p i l l s ) .  Although t h e  l u b r i -  
c a n t  s l u g  was e v e n t u a l l y  c i r c u l a t e d  from t h e  b o r e h o l e ,  s u f f i c i e n t  
immediate and r e s i d u a l  f r i c t i o n  r e d u c t i o n  was developed  t o  a l l o w  
d r i l l i n g  and t r i p p i n g  t o  c o n t i n u e .  T h i s  method was developed  a f t e r  
c o n s i d e r a b l e  p i l o t  t e s t i n g  a t  bo t tomhole  t e m p e r a t u r e s  i n d i c a t e d  a l l  - 
o t h e r  l u b r i c a n t s  t o  b e  e i t h e r  t h e r m a l l y  d e g r a d a b l e  w i t h i n  a m a t t e r  oL~ 
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h o u r s  o r  t o  be e s s e n t i a l l y  e f f e c t i v e  a s  l u b r i c a n t s  a t  any  tempera- 
tu re  when mixed w i t h  o r  r e p l a c i n g  t h e  c l e a r  water d r i l l i n g  f l u i d .  
&Cont ro l  o f  D r i l l  S t r i n g  Degrada t ion  
In c o n s i d e r a t i o n  o f  t h e  h o s t i l e  envi ronment  t o  which i t  was ex- 
posed ,  d r i l l  s t r i n g  performance on w e l l  EE-2 and t h e  f i r s t  3050 m 
(10,000 f t )  o f  EE-3 was remarKably good. The most  s i g n i f i c a n t  f a c t o r  
was t h e  r a p i d  a b r a s i v e  wear o f  t h e  d r i l l  s t r i n g  b o t h  a t  t h e  t o o l  
j o i n t s  and a l o n g  t h e  body o r  t u b e .  Although no downhole f a i l u r e s  were 
a t t r i b u t e d  t o  t h i s  abnormal wear ,  some 1800 m (6000 f t )  o f  d r i l l  p i p e  
had t o  be  d i s c a r d e d  o r  downgraded d u e  t o  e x t e r n a l  wear. Repeated 
a p p l i c a t i o n s  o f  t u n g s t e n  c a r b i d e  h a r d f a c i n g  on  t h e  t o o l  j o i n t s  were 
used t o  r e t a r d  t h e  r a t e  o f  wear. 
Four downhole f a t i g u e  f a i l u r e s  o f  t h e  d r i l l  s t r i n g  o c c u r r e d  dur -  
ing  t h e  d r i l l i n g  o f  t h e  e n t i r e t y  o f  EE-2 and t h e  f i r s t  3050 m (10,000 
f t )  o f  EE-3. However, a s e r i e s  o f  f a t i g u e  f a i l u r e s  o c c u r r e d  d u r i n g  
t h e  d r i l l i n g  o f  t h e  3050 t o  3200 m (10,000 t o  10,500 f t )  i n t e r v a l  i n  
EE-3. A l l  o f  t h e s e  f a i l u r e s  were a t t r i b u t e d  t o  f a t i g u e  cracK growth  
from d e e p l y  p e n e t r a t i n g ,  s h a r p ,  c o r r o s i o n  p i t s .  These c o r r o s i o n  p i t s  
were i n c u r r e d  p r i o r  t o  u t i l i z i n g  t h e  d r i l l  s t r i n g  a t  t h e  Fenton H i l l  
P r o j e c t .  T h i s  s e r i e s  o f  f a i l u r e s  however, prompted a comple te  change-  
o u t  o f  d r i l l - p i p e  s t r i n g s .  In v i ew o f  t h e  l e n g t h  o f  d i r e c t i o n a l  h o l e  
d r i l l e d  a t  Fenton H i l l ,  t h e  magni tude  and f r equency  o f  a x i a l  and t o r -  
s i o n a l  l o a d i n g  c y c l e s  a p p l i e d  t o  t h e  d r i l l  s t r i n g  and t h e  unmown 
p r e v i o u s  f a t i g u e  h i s t o r y  o f  t h i s  used d r i l l  s t r i n g ,  t h e  i n c i d e n c e  o f  
f a t i g u e  f a i l u r e  o f  t h i s  12.7-cm (5 - in , )  o.d. d r i l l  s t r i n g  is con- 
s i d e r e d  low t o  modera te .  C a r e f u l  a t t e n t i o n  was pa id  t o  t h e  a v o i d a n c e  
o f  h i g h  d o g l e g  s e v e r i t y  i n  t h e  upper  h o l e  i n  a d d i t i o n  t o  t h e  u t i l i z a -  
t i o n  o f  low-yield s t r e n g t h ,  517 NPa (75,000 p s i )  , d r i l l  p i p e  f o r  a l l  
b u t  t h e  upper  1057 m (3500 f t )  o f  t h e  s t r i n g ,  
In  c o n s i d e r a t i o n  o f  t h e  f a c t  t h a t  c l e a r ,  f r e s h  water was used a s  
a d r i l l i n g  f l u i d  and t h a t  t h e  f l u i d  was coo led  d u r i n g  each  c i r c u l a t i o n  
by a t m o s p h e r i c  c o n t a c t ,  t o t a l  c o r r o s i o n  r a t e s  were Kept t o  a minimum. 
Ox ida t ion  c o n t r o l  was t h e  p r imary  e f f o r t  on b o t h  w e l l s  a s  no  s o u r  o r  
s c a l i n g  c o n s t i t u e n t s  were a p p a r e n t  i n  t h e  f l u i d  system. The combina- 
t i o n  o f  a n  amine f i l m i n g  a g e n t ,  pH c o n t r o l  and oxygen scavenging  Kept 
c o r r o s i o n  ra tes  t o  w e l l  below 1.0 mpy. 
STATUS OF D R I L L I N G  
The s t a t u s  o f  t h e  d r i l l i n g  program f o r  t h e  d i r e c t i o n a l  wel ls  EE-2 
and EE-3 i s  summarized i n  F i g u r e s  5 and 6. 
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Table 1 .  




U i  an 
Type an ( in.)  Rating m ( f t )  Suppl i er  
6.0 (19.Y) tlaKer Service Tools IPMM 
Houston, TX 
Pos i t i ve  17.1 (6-3/4) 2175" (350°F.) 
d i sp 1 acement 
d i  spl acement 
d i  spl acement 
I 
Yosi t i v e  19.7 (1-3/4) 2155% (31O'F) 6.0 (1Y.Y 
Pos i t i ve  20.3 ( 8 )  *155'C (310°F) 6.9 (22.C 
Turbine 19.7 {1-3/4) +32WC (610°F) 6.3 (20.7 
uynaur i l l ,  Smith UDPUM 
I n t ' l . ,  l r v ine ,  CA 
Christensen Uownhole NPUrl 
Tools, iJklahoma City, 
OK 
lllaurer Engineering ME1 F 
Inc., tlouston, TX 
I 
B. Turbines Tested i n  EE-2 and EE-3 
Uiam Temperature Length 
an ( in.)  Hating m ( f t )  Suppl i e r  Key Type 
1 
Turbine 13.7 ( 5 - 3 / 8 )  + Y U T  (610°F) 5.7 (18.7) Maurer Engineering Inc., tbuston, TX 
Turbine 
F 
17.8 (7 )  >370"C (7OO'F) 7.2 (23.7) OynaDrill, Smith 
In t ' l . ,  I rv ine,  CA 
DUT7U EE-3) 
'Limited by e las tmers  used i n  motor d r i ve  systetn. 
bKequires heat shield. 
'Run without k a t  sh ie ld  up to ZUU'C (4M'F). t w  i 
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Table 2 .  Summary of directional drilllng runs and results for well EE-2 
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First field trial Of 19.7 
turbodrill 
-
17 314.1 d h -  *I 
Steering tool dmged 
KOP 
A11 subsequent runs required intenediate 
reming of hole 
Considerable operational difffculties experleWcd 
fm 2.5-2.8 tm (8300*-9103*) with steering tool 
Turbine would not rotate 
Turbine would not rotate, steering too1 failed 
neached tenperature limit of shock absorbers 
Reached tcmperature limit of .ud -tors 
Hotor run used t o  increase inclination 
First 13 7 cm (5 318') d f r  turbodrill trial 
run strh ht ahead drlllii9 
secdd i3.! 5 318.1 dia. trubodrill trial , 
wn; 1.0. of RI1 
in preparation 
trial runs. 
for EE-3 directional drilling. 
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Table 3. Summary of directional drilling runs and results for well EE-3 
t o  3.2 km (10,500 f t )  depth 
[All runs with 31.1-cm- (12-1/4-in.-) diam bits] 
Directional 
D r i l l  Rotor D r i l l  





































































































mte rs  Borehole Drilled.*" 
Remarks -Deviation* ( f t )  fCCt -
%e K y  la18 1. aee Fig. 3. "*O is tmce masurd  along the r l l b o r r .  
h b l c s s  w i t h  mtor 
Angle building ucessivcly 
I e p l u e  b i t  
Plugged b i t  on connection (no f loat )  
mtw wit 
&tor stal led 
B i t  DiKhcd Md m t o r  bent. h i t  )edge SIH 
B i t  mrn 
B i t  mrn 
B i t  mrn, b i t  13 m (112.) underguage 
Suer ing too1 failed. t es t  run 
EVE wit and m t o r  mnd b i t  mrn out 
Rotor qui t  
B i t  locked up 
Could not or ient  due t o  toque 
l i t  cones l o o u  
Dul l  b i t  
mtw qui t  
B i t  locked up 
Tachmeter I.C.. mtor not rotating. straignt hole tw1 r i t h  
stabi l izer 
Could not t t o  bottm. nuae6 Z? (90') straight hole tool 
u i t h  stab& 
B i t  du l l  
Mtor wuldn' t  rotate, reached taprrature l i m i t  of PW 
Yashout i n  d r i l l  s t r ing 
Turbine m u l d  not rotate 
B i t  undcrguage. bui16 mgle a t t w t  
Turbodril l  quit, bui ld angle a t t w t  
B i t  locked uQ. bui ld angle a t t r rp t  
B i t  undequagc. bui ld  mg le  a t t w  
m t o r  wit. bviind u q i e  atteupt 
D r o p ~ l n g  q l e .  stnr lng tool seat- lmO. fro. kq,  
€ v i  fa i led 
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'Table 4 
Typical sottomhole Assemblies fo r  Oi rect ional  U r i l l i n g  i n  HUR Wells E€-2 and EE-3 
BHA f o r  W i l l  Motor Azimuthal 
ungl e A1 t e r a t i  on 
31.1-cm (12-1/4-in.) diam b i t  ~1.1-cm (12-1/4-in.) diam b i t  
Shock absorber 3-point  Bti  reamer 
W i l l  motor Crossover sub 
dHH f o r  Rotary I n c l i B a t i o n  
Angl e Increase 
Crossover sub 
dent-or ient ing sub 
2d.d-cin (d-in.) diain monel 
17.1-cm (6-3/4-in.) diam monel 
17.1-cm (6-3/4-in.) diam shor t  
17.1-cm (6-3/4-in.) d iam d r i l l  
d r i l l  c o l l a r  
d r i l l  c o l l a r  
c o l l  a r  c o l l  a r  
d r i l l  c o l l a r 8  
Twelve 20.3-cni id- in . )  diam Crossover sub 
2 1  j o i n t s  H W P  J-point  s t r i n g  
ild.3-cm (& in .  
col  1 a r  
reamer 
diam d r i l l  
Ten 20.3-cm (8-in.) diam d r i l l  
a j o i n t s  H W O P ~  
W i l l i n g  j a r s  
13 j o i n t s  HI.IUP~ 
c o l l  ars 
a1207-cm O-d., 74.3 kg/m (!Gin. o.d., 50 l b / f t ) .  
bBu i l d  assembly. 
'Pdcked-hole (ho ld)  dssembly. 
c 
UHA f o r  Rotary I n c l i n a t i o n  
Maintenance 
22.2-cm (8-3/4-in.I diam b i t  
&po in t  Bh reamer 
17.1-cm (6-3/4-in.) diam shor t  
d r i l l  c o l l a r  
$point  s t r i n g  reamer 
17.1-cm ( 6 - ~ / 4 - i n . I  diam Inonel 
$-point  s t r i n g  reamer 
f o u r  17.1-cm ( 6 4 / 4 - i n . l  diam 
20 j o i n t s  H W P  
W i l l i n g  j a r s  
d r i l l  c o l l a r  
d r i l l  c o l l a r 2  
13 j o i n t s  H W O P ~  
gd 
Table 5 
A. h to r  Assembly Performance, EE-2 
Average Average Ihrerqe 
Nunber Duration Distance ROP Per 
lrbtor of k r  RBI k r  RBI* Run 
Tvpe Runs (burs) m ( ft) m/h (Fph) 
2.8 18.2 (59.8) 6.6 (21.6) lrlE IT 21 
DDEDI 6 4.5 16.7 (54.7) 3.7 (12.3) 
BPIM 4 7.8 14.9 (48.8) 1.9 (6.2) 
B. rJbtor Assembly krfonnance, EE-3 t o  Date 
Wber 






*Typical d i rec t iona l  
(60 ft) 
Averqe 







rm was set up w i  
Ihrerqe Wrerqe 
Distance ROP k r  
Fer Run* Run 
m ( ft) m/h (Fph) 
13.0 (43.0) 6.0 . (19.8) 
21.6 (70.8) 4.0 (13.0) 
24.0 (78.8) 4.7 (15.4) 
17.1 (56.2) 4.9 (16.0) 
b tm  jo in t s  of d r i l l  pipe, i.e., 18.3 m 
T a b l e  6 
T y p i c a l  M E 1  High Tempera tu re  T u r b o D r i l 1  Pe r fo rmance  i n  EE-2 
(Run31, T a b l e  2)  
Date: O c t .  12-13, 1979 
Depth:  3180 t o  3217  m ( 1 0 , 4 3 3  to 1 0 , 5 5 2  f t )  
D r i l l i n q  I n t e r v a l :  % 6 0  m (119 f t )  
Approximate F o r m a t i o n  Temperature:' 3180 C (500OF) 
ShocK Absorber: None - B i t : S m i t h  Too l  Co. Q9JL 31.1 cm. (12-1/4-in.  d i am)  
B i t  Load: - (89 KN (20,000 l b f )  
B e n t  Sub: 1-1/2' 
F low Rate: 7 7  pump stroices/min %2252 Il/s ( 3 5 7  g p )  
E s t i m a t e d  Rotary Speed:  300-400 rpm. 
I n c l i n a t i o n  Ang le  Change  Achieved:  %1-1/2O 
T o t a l  R o t a t i n g  Time: >4.5 h o u r s  
Nominal p e n e t r a t i o n  Rate: >7.9 m/h ( 2 6  f t / h r )  
C o n d i t i o n  o f  B e a r i n q :  no broKen races, b u t  e s t i m a t e d  - > 1 / 2  h d r i l l i n g  
l i f e  remain ing  
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HDR Plan f o r  H e a t  Ext rac t ion  Reservoir. 
-% 
Figure 2. Severely Worn Blade Stabilizers. 
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TURBODRILL PRESSURE PULSER IN 
TOP TURBINE STAGE 
HIGH TEMPERATURE 
12-114" DIA. BIT SHOCK ABSORBER 
F i g u r e  3 .  D i r e c t i o n a l  D r i l l i n g  System. 
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DEPARTURE - lOOm 
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Figure 6 .  Section View o f  EE-2 and EE-3. 
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